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In the eukaryotic 26S proteasome, the 20S particle is
regulated by six AAA ATPase subunits and, in
archaea, by a homologous ring complex, PAN. To
clarify the role of ATP in proteolysis, we studied
how nucleotides bind to PAN. Although PAN has
six identical subunits, it binds ATPs in pairs, and its
subunits exhibit three conformational states with
high, low, or no affinity for ATP. When PAN binds
two ATPgS molecules or two ATPgS plus two ADP
molecules, it is maximally active in binding protein
substrates, associating with the 20S particle, and
promoting 20S gate opening. However, binding of
four ATPgS molecules reduces these functions. The
26S proteasome shows similar nucleotide depen-
dence. These findings imply an ordered cyclical
mechanism in which two ATPase subunits bind
ATP simultaneously and dock into the 20S. These
results can explain how these hexameric ATPases
interact with and ‘‘wobble’’ on top of the heptameric
20S proteasome.
INTRODUCTION
Intracellular protein degradation is an ATP-dependent process
that is catalyzed primarily by the 26S proteasome in eukaryotic
cells and by the PAN-20S proteasome in archaea (Glickman
and Ciechanover, 2002; Goldberg, 2005). These proteolytic
complexes contain a hollow barrel-shaped 20S particle that
contains multiple proteolytic sites sequestered inside its central
chamber (Groll et al., 1997; Lo¨we et al., 1995). This compartmen-
talization of the active sites prevents nonspecific degradation of
cellular proteins and allows highly selective protein degradation
through regulation of the entry of substrates into the particle. In
eukaryotic cells, this process generally requires ubiquitination
of substrates, leading to their selective binding to the 19S regu-
latory particle, which associates with the 20S to form the 26S
proteasome. The entry of protein substrates into the degradation
chamber is facilitated in eukaryotes and archaea by hexameric
ATPase complexes that associate with the outer ring of the526 Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc.20S proteasome. These ATPase complexes are members of
the AAA family of ATPases and use ATP to catalyze substrate un-
folding and translocation into the 20S (Smith et al., 2007; Zhang
et al., 2009b). This process requires ATP binding or hydrolysis at
multiple steps in order to facilitate substrate entry into the 20S
particle and to overcome the steric barriers imposed by the
architecture of the proteasome and the structure of the folded
substrate (see below). Due to the importance of these
ATPases, detailed knowledge about how they utilize ATP in
these multiple steps is essential to understand how the protea-
some catalyzes efficient protein degradation.
The 20S proteasome is composed of 28 subunits arranged in
four stacked heptameric rings (Groll et al., 1997; Lo¨we et al.,
1995). In the eukaryotic 20S, seven distinct (but homologous)
b subunits comprise the two identical inner rings and contain
the proteolytic active sites, and seven distinct a subunits
comprise the two outer rings. The 20S proteasomes from
archaea have similar structures, but its 7a subunits are identical,
as are its 7b subunits. Protein substrates can only enter and
peptide products can only exit the 20S particle through a narrow
13 A˚ translocation channel at the center of the a rings. Due to its
small diameter, substrates must be unfolded and linearized
before they can thread through this pore and enter the central
degradation chamber. Substrate entry is tightly regulated and
is normally blocked by the N termini of the a subunits, which
interact to form a gate.
To stimulate degradation by the 20S proteasome, the
ATPases in the 19S particle or the homologous archaeal PAN
ATPase complex serve five essential functions: (1) they asso-
ciate with the 20S particle, (2) they selectively bind the substrate,
(3) they cause the gated substrate entry channel in the 20S to
open, (4) they unfold globular or partially folded proteins, and
(5) they facilitate the translocation of the unfolded substrate
through the ATPase ring into the 20S particle. The substrate un-
folding step is the only step in this process that actually requires
ATP hydrolysis (Smith et al., 2005, 2006), whereas the other
steps can be supported by ATP binding alone.
Several different types of models have been proposed for
nucleotide binding and exchange for the different AAA+
ATPases (Augustin et al., 2009; Briggs et al., 2008; Hersch
et al., 2005; Singleton et al., 2000). In principle, these hexamers
may function in a concerted manner (e.g., whereby all subunits
bind, hydrolyze, and then release nucleotides simultaneously)
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Figure 1. Effect of Increasing ATP Concen-
tration on PAN’s Ability to Hydrolyze ATP
and to Stimulate Degradation of Three
Different Types of Substrates
(A) The rate of ATP hydrolysis by PAN at different
ATP concentrations.
(B) The degradation rate of the fluorogenic octa-
peptide (LFP) by the PAN-20S complex. The
activity without added nucleotide is taken as
100% for (B) and (C).
(C) The degradation rate of 14C-casein to acid-
soluble peptides by the PAN-20S complex.
(D) The degradation rate of GFP-ssrA (monitored
by loss of fluorescence, in arbitrary units) by
the PAN-20S complex. Because PAN alone can
unfold GFP, 20S was added in excess to ensure
that unfolding was coupled to degradation.
All data are the means of three or more indepen-
dent experiments ± SD.or in a nonconcerted manner in which the different subunits
within the ring bind and hydrolyze nucleotides at distinct times
(Ogura and Wilkinson, 2001). Such a binding exchange reaction
requires an allosteric systemwhereby different subunits regulate
each other’s behavior. Up to four different nucleotide states have
been observed for a single AAA subunit: (1) ATP bound, (2) a tran-
sition state in which ADP-Pi is bound, (3) ADP bound, and (4) no
nucleotide bound. Presumably, each of these states affects the
conformation and function of the neighboring subunits in
a distinct fashion so that ATP hydrolysis occurs in a noncon-
certed or sequential manner around the hexameric ring.
However, it has also been demonstrated that a highly modified
AAA+ ATPase (i.e., ClpX) can hydrolyze ATP in a noncyclical
fashion, suggesting that nonpatterned or stochastic hydrolysis
is possible (Martin et al., 2005). These different ATPases are diffi-
cult to study quantitatively because the different states of the
subunits are highly dynamic and are often heterogeneous. One
valuable approach has been to use nonhydrolyzable analogs of
ATP to freeze the active, ATP-bound state or ADP to capture
the ATPase in the inactive conformation. If nonhydrolyzable
nucleotides can bind to only some of the six subunits, it would
rule out concerted mechanisms that require simultaneous nucle-
otide binding to all subunits and a completely stochastic mech-
anism whereby subunits could behave independently of one
another.
The PAN-20S complex offers many advantages for studying
the roles of ATP to help understand the functioning of the 26S
proteasome. Although the 19S particle contains six different
(but homologous) ATPases, PAN, like nearly all other AAA
ATPases, is a hexameric ring composed of identical ATPase
subunits. Although binding of ATPgS to PAN is sufficient toCell 144, 526–538,support its association with the 20S as
well as opening of the gated 20S channel
(Smith et al., 2005), the number of nucle-
otide molecules that must bind to induce
complex formation and gate opening is
unknown. PAN and several of the 19S
ATPase subunits contain an essential‘‘HbYX’’ motif on their C termini that, upon ATP binding, docks
into pockets in the 20S a ring and functions like ‘‘keys in
a lock’’ to stimulate gate opening. Peptides corresponding to
the ATPases’ C termini that contain this motif can bind similarly
and by themselves trigger gate opening (Smith et al., 2007;
Rabl et al., 2008).
Because ATP binding is required for these ATPase-20S inter-
actions, it is very likely that the subunits that bind ATP (or ATPgS)
are the ones whose C termini dock into these pockets. If nucle-
otides bind to only some of the six ATPases (e.g., in a noncon-
certed binding exchange reaction), then only a fraction of the
ATPases’ C termini may dock into the 20S proteasome at any
one time. Therefore, determining the stoichiometry and interde-
pendence of nucleotide binding to the six ATPases may help us
to understand another fundamental mystery about the protea-
some—how the hexameric ATPases’ six C termini can interact
with and regulate the heptameric 20S proteasome (the
‘‘symmetry mismatch’’ problem).
RESULTS
ATP Dependence of Protein and Peptide Degradation
by the PAN-20S Complex
To determine how the concentration of ATP influences PAN’s
capacity to stimulate degradation of different types of substrates
by the archaeal proteasome, we assayed the degradation of: (1)
a fluorogenic nonapeptide substrate, LFP (Figure 1B), whose
hydrolysis requires only gate opening (Smith et al., 2005); (2)
the inherently unstructured protein, b-casein (Figure 1C); and
(3) the tightly folded globular protein GFP-ssrA (Figure 1D).
Whereas the degradation of all of these substrates is stimulatedFebruary 18, 2011 ª2011 Elsevier Inc. 527
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Figure 2. PAN Can Bind up to Four Nucleo-
tides per Hexamer and Hydrolyzes ATP
Even at 4C
(A) The number of bound a-32P-ATP to PAN hex-
amer (0.4 mg/ml) was determined at different ATP
concentrations at 4C, following isolation of the
nucleotide-bound complex by rapid spin through
a size exclusion column. The data are themeans of
three independent experiments ± SD.
(B) The concentration of 14C-ADP that was bound
to PAN with increasing concentrations of PAN
using saturating 14C-ADP (0.5 mM). The data are
themeans of three independent experiments±SD.
(C) Bound ATP is rapidly hydrolyzed to ADP.
a-32P-ATP was incubated with PAN at 4 or 25C,
and the bound nucleotides were isolated into
a reaction-quenching buffer and analyzed on silica
TLC plate. The image is representative of three
independent experiments. Identical experiments
using g32P-ATP showed that the hydrolyzed Pi
was released from PAN.by ATP, the degradation of peptides and unfolded proteins does
not require ATP hydrolysis but only ATP binding (i.e., it is sup-
ported by ATPgS), whereas the degradation of GFP-SsrA
requires ATP hydrolysis for unfolding (Benaroudj and Goldberg,
2000; Smith et al., 2005). Nevertheless, we found that very similar
concentrations of ATP were required to support the degradation
of each of these substrates. Specifically, the concentration of
ATP to support half-maximal degradation rate (Kobs) for LFP
was 233 mM, for 14C-casein 224 mM, and for GFP-ssrA 302 mM.
When rates of ATP hydrolysis by PAN were measured, the Km
for ATP was 263 ± 18 mM (Figure 1A). This value resembles
closely the ATP concentrations that support half-maximal rates
of proteolysis, and even breakdown of peptides and unfolded
proteins, which requires only ATP binding. The likely explanation
for this agreement is that the duration of the ATP-bound state is
limited by how quickly the bound ATP is hydrolyzed to ADP,
which causes a loss of affinity of PAN for the 20S and gate
closing. Thus, binding of a new ATP is required to maintain this
active complex. Because ATP must bind to be hydrolyzed, an
increase in the rate of ATP hydrolysis (with increasing concentra-
tions of ATP) implies that there must also be an increase in the
fraction of subunits with ATP bound. Accordingly, the extent of
20S gate opening directly correlates with the rate of ATP hydro-
lysis in a linear fashion with an excellent fit (R2 = 0.998). These
arguments predict that ATPgS, which maintains PAN in the
ATP-bound form, should be more efficient than ATP in stimu-
lating peptide degradation, as we observed previously (Smith
et al., 2005). Thus, although ATP hydrolysis to ADP diminishes528 Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc.PAN’s ability to stimulate gate opening,
binding of a new ATP molecule stabilizes
the PAN-20S complex, maintaining the
gate in an open state.
PAN Binds a Maximum of Four
Nucleotides per Ring
Because each of PAN’s and the 19S’s six
ATPases subunits contains a singleWalker A and B ATPase domain, nucleotides may bind the hexa-
mer in a number of possible configurations. For other members
of the AAA family, different numbers of nucleotides bound per
hexameric ring have been reported. To determine the actual
number of nucleotides that PAN binds at different concentra-
tions, we incubated PAN with increasing concentrations of
32P-ATP. A rapid spin gel filtration (G50) was used to quickly
separate PAN and the bound nucleotide from the free nucleotide.
The amount of recovered protein and the amount of bound radio-
active ligandwere quantified and used to calculate the number of
nucleotides bound per hexamer (Menon and Goldberg, 1987).
PAN bound a maximum of only four ATP molecules per hexamer
(Figure 2A), even at saturating concentrations of ATP. This result
is consistent with observations for other AAA family members in
which substoichiometric binding of nucleotides to the hexameric
ring was also observed (Horwitz et al., 2007; Hersch et al., 2005;
Schumacher et al., 2008; Singleton et al., 2000). The observedKd
for nucleotide binding was 13 mM, which is significantly lower
than the Km observed for PAN’s ATPase activity, for gate
opening, and for proteolysis (224–302 mM). Because ATP is
hydrolyzed to ADP, this effective Kd value must primarily reflect
the combined on rates of ATP and the off rates for ADP.
Bound ATP Is Rapidly Hydrolyzed, Even at 4C, and ADP
Remains Bound
To determine the nature of the nucleotide that is bound to PAN
after incubationwith 32P-ATP,we isolatedPANwithboundnucle-
otides and used thin layer chromatography to analyze the eluate.
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Figure 3. PAN Contains Two Different
Types of Binding Sites for ATPgS, and Its
Ability to Associate with the 20S and Open
Its Gate Is Greater with Two ATPgS Bound
Than with Four Bound
(A) The number of ATPgSmolecules bound to PAN
was determined at different 35S-ATPgS concen-
trations at 25C, following isolation of the complex
as in Figure 2A. The data are the means of three
independent experiments ± SD.
(B) The rate of LFP hydrolysis (a measure of gate
opening) by the PAN-20S at different ATPgS
concentrations. The data are the means of three
independent experiments ± SD.
(C) The rate of 14C-casein degradation to acid-
soluble peptides by the PAN-20S complex at
different ATPgS concentrations. The data are the
means of three independent experiments ± SD.
(D) The association of PAN with the 20S protea-
some, as determined by surface plasmon reso-
nance, is greater at low ATPgS concentrations
(0.01 mM) in which two ATPgS are bound than at
high concentrations (0.3 mM) in which four are
bound. These curves are representative of more
than three independent experiments.When the binding reaction and isolationwere carried out at 25 or
even at 4C,we could only detect ADP bound to PAN (Figure 2B).
This resultwas surprisingbecauseATPhydrolysis byPANcannot
be detected at either of these temperatures (data not shown).
Therefore, even at 4C, PAN rapidly catalyzes a single round of
ATP hydrolysis, after which the ADP remains tightly bound.
Because only four ADP were bound at saturating ATP concen-
trations, we tested by a similar method if PAN could bind more
ADPwhen it was added at saturating concentrations (Figure 2B).
Even at 500 mM 14C-ADP, the PAN hexamer still only bound four
ADP molecules per hexamer, suggesting that a negative allo-
stery prevents binding to two of PAN’s subunits. Because we
measured ATP binding using a-32P-ATP, the presence of the
bound 32P-ADP did not indicate whether the generated Pi moiety
remained bound to PAN. We therefore carried out a similar
experiment with g-32P-ATP to follow the fate of 32P. No radioac-
tivity was eluted with PAN nor were there any other 32P spots on
the thin layer chromatograph (data not shown). Thus, in contrast
to the ADP, the free Pi moiety is released by PAN quickly after
ATP hydrolysis.
ATPgS Binding Induces Three Different Subunit
Conformations in PAN
Because PAN rapidly hydrolyzes ATP to ADP even at 4C, we
used the nonhydrolyzable analog, ATPgS, to measure the stoi-
chiometry of ATP binding. Using the same technique, we iso-
lated PAN bound to 35S-ATPgS at different ATPgS concentra-
tions (Figure 3A). Although the binding curves for ATP showed
typical saturation kinetics, surprisingly, the binding curve for
ATPgS was multiphasic, with two clear saturation plateaus (Fig-
ure 3A). This result indicates that the PAN homohexamer
contains at least two distinct types of ATPgS-binding sites,
one type with high affinity (Kd = 0.493 mM) and one with lowaffinity (Kd = 113 mM). Moreover, when the number of nucleo-
tides bound was calculated, we found that only two nucleotides
bound to the high-affinity site (2-bound state) and two more
nucleotides bound to the low-affinity sites (4-bound state).
Because PAN is composed of six identical subunits around
a ring, this result implies that binding of ATP to the high-affinity
subunit(s) induces a conformational change in the other subunits
that decreases their affinity for nucleotides and reduces or
prevents ATPgS binding. Thus, PAN subunits must exist in three
different conformations: (1) one with high affinity for ATPgS, (2)
one with low affinity, and (3) one that cannot bind ATPgS.
PAN Stimulates Proteolysis and Gate Opening Better
in the 2-Bound Than in the 4-Bound State
Because PAN can exist in two different ATPgS-bound states and
ATPgS binding stimulates PAN-20S association and gate
opening, we tested whether these functions differ in the 2-bound
and 4-bound states. Because the stimulation of LFP hydrolysis
requires PAN-20S association and gate opening, we examined
how the rate of LFP hydrolysis was affected over a large range
of ATPgS concentration. At low concentrations in which PAN is
in the 2-bound state (compare Figures 3A and 3B), PAN maxi-
mally stimulated LFP degradation. Surprisingly, at higher ATPgS
concentrations in which PAN is in the 4-bound state, the rate of
LFP degradation decreased by about 25%. When a similar
experiment was carried out with 14C-casein as the substrate,
similar results were obtained (Figure 3C). In the 2-bound state,
casein degradation was maximal, but in the 4-bound state,
PAN’s ability to activate casein degradation was diminished by
about 20%. Therefore, PAN’s ability to catalyze the degradation
of peptides and unfolded proteins was maximal with 2-ATPgS
bound, but these activities are reduced when PAN binds two
additional ATPgS molecules.Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc. 529
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Figure 4. ATP Binding to PAN Stimulates
Binding of Protein Substrates
(A) Binding of FITC-casein (0.1 mM) or GFP-ssrA
(0.08 mM) to PAN was monitored by fluorescence
polarization in the presence of different nucleo-
tides (1 mM).
(B) PAN’s ability to bind a fluorescamine-labeled
ssrA peptide (0.5 mM; ANDENYALAA) or an ssrA
peptide with two aspartates in its C terminus,
DDssrA (ANDENYALDD), was determined in the
presence or absence of ATPgS (0.1 mM).
(C) The change in polarization of FITC-casein
(0.1 mM) by PAN at different ATPgS concentra-
tions. Due to the high level of fluorescence inten-
sity required for polarization assays, PAN had to be
used at 1 mM to saturate binding of the FITC-casein
(C and D), and thus these assays were carried out
under ligand depletion condition (i.e., free
[ATPgS] < < total [ATPgS]), which causes a shift in
the apparent affinity of PAN for ATPgS compared
to the actual affinity (Figure 3).
(D) The change in polarization of GFP-ssrA
(0.08 mM) by PAN at different ATPgS concentra-
tions.
The data are the means of three or more inde-
pendent experiments ± SD.The 2-Bound State Has aHigher Affinity for the 20S Than
the 4-Bound State
This fall in PAN’s activity in the 4-bound state could be due to
a decrease in PAN’s affinity for the 20S or a decrease in the
ability to cause gate opening. To determine whether PAN’s
affinity for the 20S differed in the 2-bound and 4-bound states,
we used surface plasmon resonance (SPR) to monitor its affinity
for the 20S. We attached the 20S proteasome to the surface of
the SPR chip via its b-His tag and flowed PAN over the 20S
without any nucleotide present or with ATPgS at two concentra-
tions that correspond to the 2-bound or 4-bound states. In the
2-bound state, PAN’s affinity for the 20S was maximal, but in
the 4-bound state, its affinity was reduced by about 25% (Fig-
ure 3D). Therefore, the falloff in PAN’s ability to stimulate the
degradation of peptide and protein substrates in the 4-bound
state correlates well with and probably results from the decrease
in its association with the 20S proteasome.
Binding of Protein Substrates to PAN Depends on ATP
Because PAN’s abilities to associate with the 20S and stimulate
gate opening were both greater in the 2-bound than the
4-bound state, we investigated whether PAN’s other functions
in protein degradation also differed in these two conformations.
Because protein unfolding by PAN requires ATP hydrolysis, this
function cannot be studied with ATPgS. However, the binding
of protein substrates to PAN, which stimulates its ATPase
activity (Smith et al., 2005 Benaroudj et al., 2003), must
precede unfolding and degradation and may also require
bound ATP. To test whether protein substrates have a higher
affinity for PAN in the ATP-bound state than in the ADP-bound
state, we developed a method to monitor protein binding to
PAN using fluorescence polarization with FITC-tagged casein
or GFP-ssrA.530 Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc.We used fluorescent polarization to detect such changes in
FITC-casein and GFP-ssrA association with PAN. Although
ADP did not cause a polarization of FITC-casein, ATP (1 mM)
caused a small but highly reproducible 7 mP change in polariza-
tion (Figure 4A). When ATPgS (1 mM) was added, a much larger
(56 mP) change in polarization was observed. Presumably, this
effect of ATP was small due to its rapid hydrolysis to ADP.
Therefore, the binding of ATPgS, and presumably ATP, to
PAN stimulates the association of FITC-casein with PAN. In
similar fluorescence polarization experiments with GFP-ssrA
as the ligand, we found that ADP also had no effect, but ATPgS
markedly stimulated polarization of GFP-ssrA (Figure 4A) as well
as of a fluorescamine-conjugated ssrA peptide, but not a ssrA
variant incapable of binding (data not shown). (Because
PAN + ATP unfolds GFP-ssrA, we could not assay binding
with ATP present.)
Substrate Binding Is Greater in the 2-Bound Than
in the 4-Bound State
Because substrate association with PAN is dependent on nucle-
otide binding, we tested whether this function of PAN also
differed in the 2- and 4-bound states by comparing the change
in polarization of FITC-casein (0.1 mM) or GFP (0.09 mM) at
different concentrations of ATPgS. Low ATPgS concentrations
(i.e., the 2-bound state) supported maximal FITC-casein (Fig-
ure 4C) and GFP-ssrA (Figure 4D) association with PAN, but at
higher concentrations (i.e., the 4-bound state), binding of both
substrates was diminished. These curves thus resemble closely
our earlier observations on other PAN functions (i.e., stimulation
of peptide and protein hydrolysis and 20S association).
Unfortunately, in these fluorescence polarization assays, PAN
had to be used at a concentration of 6 mM PANmonomer (which
is much greater than its Kd for ATPgS) and was therefore done
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Figure 5. PAN Functions Optimally with Two ATPgS and Two ADP Bound, and Gate Opening in the 26S Proteasome Shows Similar Multi-
phasic Dependence on ATPgS as the PAN-20S Complex with Similar ATPgS Affinities
(A) 100 mM of 14C ADP was mixed with different concentrations of PAN with or without 50 mM of ATPgS (2-bound state). The amount of bound 14C-ADP was
determined as in Figure 2A. See also Figure S2.
(B) The extent of gate opening by PAN was determined by assaying LFP hydrolysis by the PAN-20S complex in the presence of the indicated nucleotides.
(C) The rate of GGL-amc (20 mM) hydrolysis by yeast 26S proteasomes (2 mg/ml) at different ATPgS concentrations.
(D) The rate of suc-LLVY-amc (100 mM) hydrolysis by rabbit 26S proteasome (1 mg/ml) was monitored at increasing concentrations of ATPgS.
The data are the means of three or more independent experiments ± SD. See also Figure S1.under ligand depletion conditions, which shifts the binding curve
to the right. Nevertheless, these results also clearly show
a biphasic binding curve for these two substrates, further indi-
cating reduced functional capacity when four nucleotides are
bound.
With Two ATP and Two ADP Bound, PAN Functions
Similarly to the 2-Bound State
Together, these experiments indicate that PAN functions opti-
mally in the 2-bound state and suboptimally with four ATPgS
bound. One possible explanation of this behavior is that the
two low-affinity sites function normally as ADP-binding sites,
but at high ATPgS concentrations, this ATP analog binds to
these ADP sites (but with lower affinity). Thus, in the 4-bound
state, ATPgS binding to the ADP sites may induce an unnatural
conformation in the ATPase ring. We therefore determined
whether PAN could bind ATPgS and ADP in a mixed state and
what the functional consequences were of simultaneously
binding two ATPgS and two ADPs. We initially saturated PAN
with 14C-ADP (100 mM) and determined how many ADP mole-
cules were bound to PAN. As found with ATP and ATPgS, PAN
bound four ADPs even at saturating concentrations (Figure 5A).
After incubation with 14C-ADP, we added 50 mM nonradioactive
ATPgS, which when ADP is not present, results in 2-ATPgSmolecules binding to PAN (Figure 3). After the addition of
50 mM ATPgS to PAN that was saturated with 14C-ADP, exactly
two molecules of ADP were displaced from PAN. Because the
binding of two molecules of ATPgS is required to displace two
ADP molecules, PAN must simultaneously bind two molecules
of ADP and two molecules of ATPgS.
In addition, we monitored the dissociation of the fluorescent
analog of ADP, mant-ADP (m-ADP), in real time, starting with
saturating concentrations of m-ADP (50 mM). When PAN binds
m-ADP, its fluorescence increases, and adding saturating
concentrations of other nucleotides can prevent the rebinding
of dissociated m-ADPs to PAN. When 50 mMATPgS was added,
50% of the ADP dissociated as was expected based on the
results in Figure 5 and Figure S2A available online. When
1 mM ATPgS was added, the m-ADP fluorescence decreased
to basal levels, and adding an additional 1 mM ADP (with the
ATPgS present) had no further effect, suggesting that all of the
prebound m-ADP had been displaced from PAN. Thus, the
four prebound ADPs can be completely displaced from PAN
when the two high- and two low-affinity ATP sites are occupied
with ATPgS.
To determine whether the 2 ADP-2 ATPgS state functions like
the 2-bound or the 4-bound state and to confirm that two ATPgS
were bound in this mixed state, we assayed PAN’s ability toCell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc. 531
stimulate gate opening. Whether PAN was in the 2-bound (i.e.,
50 mMATPgS) or the 2 ATPgS + 2 ADP state (i.e., 50 mMATPgS +
100 mM ADP), it stimulated gate opening (LFP hydrolysis) to the
same extent (Figure 5B). This result confirms that two ATPgS re-
placed two ADP because two ADPs were released and ATPgS
binding is required to stimulate LFP degradation. Thus, PAN
appears to function optimally, either with two molecules of
ATPgS bound or with two molecules of ATPgS and two of ADP
bound. Presumably, this condition mimics the active state
in vivo or in vitro when ATP is being hydrolyzed to ADP.
ADP Dissociation Is the Rate-Limiting Step in ATP
Hydrolysis
PAN appears to be most active with two ATPs and two ADPs
bound in the steady state, but what might trigger the binding of
new ATPs after ATP hydrolysis occurs? Presumably, because
no more than four nucleotides can ever bind to the hexamer,
the empty subunits cannot bind new ATPs until two ADPs have
left. To test this hypothesis, we measured the off rate of ADP in
real time using m-ADP. 5 mM PAN was incubated with 25 mM
m-ADP (i.e., enough to generate near-maximal fluorescence;
data not shown) followed by addition of saturating ADP (2 mM)
or ATPgS (2 mM) (Figures S2B and S2C). A rapid decrease in
the fluorescence of m-ADP was observed that fit to an exponen-
tial decay curve. The off rate in the presence of ADP was esti-
mated to be 0.24 ± 0.05 (sec1), and thus the four ADP on
PAN have a bound half-life of 3 ± 0.6 s (Figure S2C). The ADP
off rate in the presence of ATP was similar, with a dissociation
constant of 0.26 ± 0.06 (sec1) or a bound half-life of 2.7 ±
0.6 s. When the m-ADP dissociation curves with ATP and ADP
were overlaid on the same graph (Figure S2D), it was clear that
ATP and ADP caused similar rates of m-ADP release. Therefore,
ATP hydrolysis does not appear to accelerate ADP leaving and,
by extension, must not promote the binding of new ATPs.
Because PAN in the ADP-saturated state has four ADPs bound
and it takes 3 s for two (50%) of them to leave, this implies
that an ADP molecule dissociates every 1.5 ± 0.6 s. Because
the rate of ADP dissociation is equivalent to the rate of ATP
hydrolysis (1/second at 37C), it is likely that ADP dissociation
is the rate-limiting step in ATP binding and hydrolysis.
Like PAN, the 26S Proteasome Exhibits
High- and Low-Affinity Binding Sites for ATPgS
Becausemany insights about the role of ATP in the functioning of
the PAN-20S complex apply to the eukaryotic 26S proteasome
(Smith et al., 2005, 2007; Zhang et al., 2009a, 2009b), we tested
whether the 26S ATPases display a similar multiphasic depen-
dence on nucleotide concentration. Because 26S particles are
heterogeneous and include singly and doubly capped popula-
tions, the number of bound nucleotides could not be determined
accurately. Instead, we monitored the degradation rate of
different fluorogenic substrates at different ATPgS concentra-
tions to determine whether gate opening by the 26S ATPases
is more efficient at low than at high concentrations. 26S protea-
somes purified from bovine liver or yeast were studied, and the
hydrolysis of suc-LLVY-amc and suc-GGL-amc was used to
monitor gate opening. Two clear phases were observed,
a maximal activation at low concentrations and a reduced acti-532 Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc.vation at higher concentrations (Figures 5C and 5D), exactly as
was found with the PAN-20S complex.
We also determined whether the 26S proteasome, like PAN,
preferentially bound FITC-casein in the ATP-bound state using
ATPgS and monitoring FITC polarization (Figure S1). In fact,
the binding of FITC-casein to the 26S was maximal when the
high-affinity ATPgS-binding sites were occupied (50 mM ATPgS)
and was reduced when the low-affinity sites were also occupied
(2 mM ATPgS). Thus, the 26S ATPases also contain high- and
low-affinity binding sites for ATPgS, whose Kds were nearly
identical to those found for PAN. Furthermore, ATP binding to
the high-affinity sites allows for maximal gate opening and
protein binding, whereas additional binding to fill the low-affinity
sites decreases these critical functions. Therefore, the six 19S
ATPases, Rpt1–6, must bind nucleotides and activate gate
opening and protein association in a very similar fashion as
does PAN. The homologous archaeal and eukaryotic ATPases
thus appear to bind and hydrolyze ATP with similar allosteric
mechanisms, even though one is a homohexamer and the other
a heterohexamer with many associated proteins.DISCUSSION
Due to the structural and functional complexity of the 26S pro-
teasome, it is difficult to deconstruct its ATP-dependent opera-
tions into simpler mechanistic steps. A full understanding of
these mechanisms requires precise knowledge of how the regu-
latory ATPases bind and hydrolyze ATP. PAN utilizes ATP in
a similar fashion to the several other AAA ATPases that have
been characterized: (1) it hydrolyzes ATP slowly (1/sec), (2) it
is stimulated by substrate binding (Benaroudj et al., 2003), (3) it
hydrolyzes ATP in a nonconcerted manner, and (4) it exhibits
three different types of nucleotide-binding sites, even though it
contains a single type of subunit. Therefore, we could define
the functional effects of substoichiometric ATP binding to PAN
in ways that would not have been possible with other AAA
ATPases. The presence of different types of nucleotide-binding
sites in homohexameric AAA ATPase complexes has been re-
ported previously (Hersch et al., 2005; Singleton et al., 2000; Ya-
kamavich et al., 2008; Zalk and Shoshan-Barmatz, 2003). This
binding asymmetry must originate from the binding of a nucleo-
tide to one subunit causing conformational changes in the neigh-
boring ones that then differ structurally from the original ATP-
bound subunit. However, because these subunits are in a ring
and each has two neighbors, a change in the conformation of
one must induce a change in one or both of its neighbors. One
structural feature of AAA ATPases that has such influence is
the arginine finger (Lupas and Martin, 2002), which allows one
subunit to detect a bound nucleotide in its neighbor. Thus,
each subunit’s conformational status can continuously influence
its neighbors’ so that allosteric changes can perpetuate around
the ring, provided that the necessary energy is available from
ATP binding and hydrolysis to drive these cyclical transitions.
Because this cycle of conformational changes can drive the
many different activities that the AAA ATPases catalyze, eluci-
dating the common pattern of ATP turnover is critical in under-
standing their functions.
Nucleotides Bind to PAN in Pairs
PAN’s subunits exhibit three different types of conformations
with two subunits simultaneously assuming each conformation:
(1) one that binds ATPgS with high affinity, (2) one that binds
ATPgS with low affinity (presumably the sites normally contain-
ing ADP), and (3) one that fails to bind any nucleotide. In addi-
tion, the binding of the first two ATPgS molecules to the high-
affinity sites is cooperative (h = 1.6), as is the binding to the
low-affinity sites (h = 2.4). Thus, binding of the first ATPgS to
a subunit allosterically alters another subunit that promotes
the binding of the second ATPgS. The fact that PAN exhibits
positive cooperativity for ATPgS for two different subunit confor-
mational states supports two conclusions: (1) nucleotides bind
in pairs because binding of the first ATPgS to a high-affinity
site promotes the binding of a second, as also occurs in occu-
pancy of the low-affinity sites and (2) this cooperativity implies
that the subunits’ conformations are induced by binding of the
first nucleotide and thus do not preexist in the nucleotide-free
state. In addition, when four nucleotides of any kind are bound
to PAN, the fifth and sixth subunits must be in a conformation
that cannot bind nucleotides. Some subunit conformations
therefore restrict the conformational possibilities of the neigh-
boring subunits. Thus, these complexes appear to function
with specific operational restrictions that govern the binding
pattern of ATP, such that an ordered pattern of ATP hydrolysis
will emerge.
Though we initially utilized ATPgS instead of ATP, the two
high-affinity subunits presumably bind ATP, and the two low-
affinity ATPgS sites are the sites where ADP would be bound
when generated by hydrolysis. In contrast to ATPgS, ADP
binding to these low-affinity sites does not reduce the enzyme’s
maximal activity (Figure 5). Therefore, the presence of the first
two ATPs on PAN induces a conformational change in two other
subunits that allows ADP binding but inhibits the binding of ATP.
The sensor II motif on AAA ATPases seems likely to communi-
cate such structural transitions between neighboring subunits
because it is required for several AAA enzymes to change their
conformations upon ATP binding (Hattendorf and Lindquist,
2002; Ogura and Wilkinson, 2001). It is difficult to determine
whether the conformation of the empty subunits is induced by
ATPgS binding to the high-affinity or low-affinity sites because
assaying the empty subunits requires the presence of nucleo-
tides in both of the other conformations. However, clearly both
ATP and ADP can induce this empty conformation because
neither of these nucleotides can occupy more than four
subunits.
ATP Hydrolysis by Pairs of Subunits Acting in Concert
Because ATP binding occurs in pairs and is cooperative for both
the high- and low-affinity sites, ATP molecules are also most
likely hydrolyzed in pairs by subunits functioning in concert.
Presumably, as ATP is hydrolyzed in a single subunit, the new
ADP likely induces a further conformational change in the other
‘‘paired’’ ATP-bound subunit, promoting its hydrolysis to ADP,
as nucleotide binding to the low-affinity sites (ADP sites) is highly
cooperative (Figure 3). Thus, not only is ATP binding a coupled
event, but also ATP hydrolysis appears to be coupled. This hexa-
meric organization and coupled behavior of paired subunits aremost likely critical in the conversion of the energy from ATP
hydrolysis into mechanical work. For example, if the various
subunits hydrolyze ATP individually, then their force-delivering
domains (e.g., pore loops that are thought to translocate
substrates) are likely to function only as isolated events to
‘‘swat’’ at substrates. However, if two subunits hydrolyze ATP
in concert and thus move together, a more efficient mechanism
can be applied to grab substrates to deliver force to drive
substrate translocation and unfolding.
The cyclical arrangement of these ATPase subunits and their
high degree of positive and negative allostery suggest that ATP
hydrolysis occurs in a specific pattern during normal functioning,
although this pattern may not be rigidly adhered to. In fact, rigid
adherence to one pattern could impair the functioning of the
complex, especially in instances in which substrates resisted un-
folding or translocation. Martin et al. (2005) elegantly showed
that the ClpX ATPase could still hydrolyze ATP (albeit at very
impaired rates) even when only one of its six subunits was active.
Therefore, a single subunit appears capable of sampling the
ATP-bound, ADP-bound, and empty states, even in the absence
of dynamic conformational influences from neighboring subunits
(although their experiments cannot rule out that inherent ATP
binding and dissociation from the mutated subunits did not
cause the critical conformational changes). However, these find-
ings with a single active subunit do not imply that ATP hydrolysis
is normally a completely random process. For a hexameric
complex to hydrolyze ATP purely stochastically, the function of
each subunit must be uncoupled from the others, and there
should be no subunit-subunit communication or cooperativity,
which is obviously not the case for PAN and the other well-char-
acterized AAA+ ATPases.
An Ordered Pattern of ATP Hydrolysis
Because PAN cannot simultaneously bind nucleotides on all six
of its subunits, some fundamental mechanism must govern
which subunits can bind which nucleotides. If one PAN subunit
binds ATP, then the conformations of its neighbors must be
restricted to certain states because no more than two subunits
can simultaneously assume the high-affinity state. Therefore,
the conformation of one subunit must limit the possible confor-
mations of its neighbors and their capacity to bind ATP. Three
observations argue strongly that PAN subunits (and presumably
other AAA family members) hydrolyze ATP in a specific pattern:
(1) the complex binds ATP in pairs, (2) the subunits coexist in
three conformational states, and (3) PAN in its maximally func-
tional state has two subunits with ATP bound, two with ADP,
and two lacking nucleotides. There is only a finite number of
ways that two ATP molecules can bind around a hexameric
ring, and these three observed properties eliminate several
possible patterns. The ‘‘binding in pairs’’ observation rules out
a purely concerted mechanism whereby all subunits hydrolyze
ATP simultaneously.
A pair of ATPs can only bind a hexameric ring in three ways: to
adjacent subunits (‘‘ortho’’), to two subunits with an empty
subunit in between (‘‘meta’’), or across the ring from one another
(‘‘para’’) (Figure 6A). We can distinguish between these three
possibilities if we make a simple assumption—after ATP binds
to a subunit, its conformation always induces the sameCell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc. 533
Figure 6. Nucleotide Binding Exchange Model for the Proteasomal
ATPases
(A) Three possible patterns by which a pair of ATP molecules can bind to
a hexameric ring.
(B) A model describing the binding exchange reaction for the proteasomal
ATPases based on the two cooperatively linked para-positioned subunits
binding ATP. Each subunit would cycle through ATP-bound, ADP-bound, and
nucleotide-free states. The resulting ATP hydrolysis cycle is expected to occur
in the clockwise direction in the order shown. See text for rationale.conformational state in the adjacent subunits that differ from its
own conformation (e.g., the ATP-bound subunit always causes
the counterclockwise subunit to assume the ADP-bound state).
Only para-binding of ATP is consistent with this simple assump-
tion and with the finding that nucleotides bind in pairs. Both
ortho- and meta-binding require that the ATP-bound subunits
induce multiple types of conformations in the same neighbor,
which would not be consistent with a complex containing six
subunits that strictly exhibit three pairs of different conforma-
tional states. This requirement implies that one conformation
always determines those of its neighbors and seems most plau-
sible for identical subunits that cycle through ATP-driven confor-
mational changes around a homohexameric ring.
Moreover, this initial ATP binding pattern predicts that
a cyclical pattern of ATP hydrolysis is most likely to emerge (Fig-
ure 6B). The simplest model to explain these results is that ATP
binding to one subunit induces the ADP-bound state in one of its
neighbors and the nucleotide-free state in the other. As a result,
the following nucleotide binding exchange model seems most
likely: (1) the bound ATP is hydrolyzed to ADP with rapid release
of the free phosphate (Figure 2C), (2) the previously bound ADP in
the neighboring subunit is released, generating an empty site,
and (3) ATP could then bind to the initially empty site. Then,
the cycle would repeat. Because ADP leaving must precede
the binding of a new ATP pair (because PAN cannot bind more534 Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc.than two pairs of nucleotides), ADP release would be expected
to be the rate-limiting step that allows a new ATP to bind, as
we observed (Figures S2B–S2D). Such a cycle could still function
if one subunit stalls or fails to hydrolyze ATP because ATP
binding to a new empty subunit would reestablish a new pattern
and allow repeated rounds of ATP hydrolysis to continue.
Several highly relevant mutations have been generated in the
subunits in the para positions in bacterial ClpX ATPase by Martin
et al. (2005), and extrapolation to PAN seems justified because
these AAA+ ATPases share considerable homology in their
ATPase domains and subunit-subunit interfaces (i.e., in the
sensor II and arginine fingers domains). Although all such muta-
tions reduce ATPase function, para sensor II mutations that
prevent conformational changes upon ATP binding had twice
as much activity as para mutations that prevent ATP hydrolysis
but allow ATP binding and the resulting conformational changes
(Martin et al., 2005). Accordingly, our model predicts that ATP
binding to para subunits without hydrolysis should prevent
further ATP binding to the adjacent WT subunits. In other words,
allowing ATP-induced conformational changes in the para
subunits actually inhibits ATP hydrolysis in the otherWT subunits
(Martin et al., 2005). Furthermore, similar para mutations that are
counterclockwise to the WT subunits impair ATP hydrolysis in
the WT subunit (Martin et al., 2005). On this basis, it seems
most likely that ATP induces an empty subunit specifically in
the clockwise neighbor and an ADP-bound subunit in the coun-
terclockwise neighbor, thus establishing a clockwise direction-
ality for the ATPase cycle.
Further support for this nucleotide binding change model
comes from the crystal structures of other hexameric AAA+
ATPases, all of which show substoichiometric amounts of bound
nucleotides (Glynn et al., 2009; Singleton et al., 2000). In fact,
Singleton et al. proposed a similar nucleotide binding model
(with ATP-binding subunits positioned across the ring from
each other) for the T7 gene 4 ring helicase. Interestingly, this ho-
mohexamer displays a ‘‘dimer of trimers’’ conformational
symmetry, suggesting a substoichiometric nucleotide binding
pattern around the ring. The crystal structure of mutated, linked
ClpX also shows a similar dimer of trimers structure (Glynn et al.,
2009). Though similar nucleotide exchange reactions have been
suggested by others (Hersch et al., 2005; Schumacher et al.,
2008; Singleton et al., 2000), albeit without evidence of distinct
functional consequences, the crystal structures of some AAA
ATPases (e.g., HslU [Bochtler et al., 2000; Sousa et al., 2000; Ya-
kamavich et al., 2008]) revealed seemingly promiscuous binding
patterns for ATP analogs or ADP. An unambiguous elucidation of
the binding exchange reactions for those ATPases has proven
difficult because the number of nucleotides bound per hexamer
has rarely been determined to a definite integer value (i.e., prior
results could not distinguish between three or four nucleotides
per hexamer). This ambiguity has made it impossible to reach
conclusions regarding their binding exchange reactions. In
contrast, here, we have been able to obtain unambiguous values
for the number of nucleotides bound to PAN and to demonstrate
directly that a single homohexamer can exhibit two different
types of ATP-binding sites. These properties have allowed us
to generate a clearer nucleotide binding exchange model for
the AAA ATPases than was possible previously.
Figure 7. A Sterically Plausible Model for How the Hexameric Para-Positioned ATPase Subunits Interact with the Heptameric 20S aRing and
Why the 4-Bound State Reduces Function
(A) The order of the eukaryotic ATPases showing the alternating order of the HbYX and non-HbYX subunits.
(B) Because ATP binding to PAN drives PAN-20S association and because only two para subunits bind ATP, it is likely that only these two para C termini interact
with the 20S pockets at any instant. When four ATPgSbind, it is likely that four C termini are extended to dock with the 20S, but this form has a reduced 20S affinity
probably caused by steric problems (see Figure 3D).
(C) X-ray structures demonstrate how PAN’s para-positioned C termini can dock into the 20S intersubunit pockets without steric hindrance. Because crystal
structures with PAN’s C termini are not available, we used the structure of the PAN homolog HslU as a model. The distance between carboxy groups on para
C termini (left) and the Lys66 g amine group in the indicated 20S intersubunit pockets (middle) are compatible, as shown bymanual docking HslU’s para C termini
to the 20S a ring (right), which shows the para C termini (green) docked into two pockets without clashes. In this mode, the other (non-para) C termini (Red) would
clash with residues in the 20S. Surface-rendered structures and distance calculations were generated with Pymol (DeLano Scientific).Paired ATP Binding Implies that Only Two ATPases’
C Termini Dock into 20S at Any Time
A longstanding mystery regarding the structure and function of
the 26S and the PAN-20S complex is the symmetry mismatch
problem—how can the six ATPase subunits interact with and
regulate the seven subunits in the proteasome’s outer ring? It
is well established that the ATPases’ C termini dock into the in-
tersubunit pockets in the a ring to induce gate opening (Smith
et al., 2007), but the number of C termini and number of pockets
interacting at any instant are unclear. Because ATP binding
induces this association of the C-terminal HbYX motif with these
pockets, it is very likely that the subunits whose C termini asso-
ciate with the proteasome are those subunits with a bound ATP.
Accordingly, in the homologous ATPase, HslU, ATP binding to
subunits leads to exposure of the buried C termini (Sousa
et al., 2000). The present findings therefore imply strongly that,
at any time, only two of the ATPases in the hexameric ring ever
associate with 20S. In fact, maximal gate opening was observed
with two ATPgS bound to the complex (Figures 3A and 3B and
Figure 7B). As discussed above, it is most likely that theATP-binding pair lie across the ring from one another, and there-
fore at any instant, it is these para-positioned C termini that dock
into the 20S pockets.
If true, then the distance between PAN’s para-positioned
C termini and the respective 20S intersubunit pockets must be
similar. Although no information is available concerning the
distances between PAN’s C termini, there is structural informa-
tion about the C termini of the homologous ATPase, HslU (whose
C termini are exposed upon ATP binding [Sousa et al., 2000]), as
well as the distances between the intersubunit pockets in
archaeal 20S. Interestingly, the distance between HslU’s para
C-terminal carboxyl groups in the ATP-bound form is 65 A˚ (Fig-
ure 7C, left 1G3I), whereas that between Lys66 in the intersubunit
pockets across the 20S a ring, with which PAN’s C termini
interact (Yu et al., 2010), is 68 A˚ (3IPM, see Figure 7C, middle).
Because the distance between the C-terminal carboxyl group
and the NH2 group of the 20S’s lysine 66 is 2.5 A˚, these distances
are nearly ideal for the two para C termini to interact with these
lysines in the opposing 20S intersubunit pockets (Figure 7C,
right).Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc. 535
Paired ATP Binding Explains Wobbling of the ATPases
Ring on the 20S
This conclusion leads to two key predictions that can account for
prior observations on the structures of archaeal and eukaryotic
ATPase-20S complexes: (1) that the central axes of the
ATPase and the 20S cannot be aligned due to the symmetry
mismatch of the rings and (2) that the ATPase rings can have
only limited and dynamic contacts with the 20S. As ATP is hydro-
lyzed, new pairs of para subunits must bind ATP, and their
C termini associate with different pockets in the a ring, allowing
the ATPase ring to ‘‘wobble’’ on top of the 20S. Electron micro-
graphic evidence for ‘‘wobbling’’ of the ATPases on the 20S has
been presented for PAN (Smith et al., 2005) and the 26S protea-
some (Walz et al., 1998). Recently, Baumeister’s group showed
that, in the 26S, the 19S base is also positioned off axis relative to
the 20S proteasome (Nickell et al., 2009), and upon careful
inspection of our prior EM images (Smith et al., 2005), we found
that PAN is also situated off the 7-fold axis of the 20S. Therefore,
both predictions based on the para-position binding of ATP and
the para C-terminal interactions are consistent with the struc-
tures of the PAN-20S and 26S complexes.
Suboptimal Function of the 4-Bound State May Result
from Steric Hindrance of the ATPase-20S Interaction
The surprising finding that PAN with two ATPgS bound had
a higher affinity for the 20S thanwith 4 ATPgS (Figure 3) suggests
that the number and arrangement of PAN’s C termini that dock
into the 20S are critical in determining this affinity. Thus, when
two ATPgS are bound, presumably in the para positions (Fig-
ure 7B), PAN’s affinity for the 20S is strongest. However, when
four ATPgS are bound and four C termini are available for 20S
interactions, the affinity is reduced. Interestingly, as shown in
Figure 7C (right), the structural arrangement of PAN’s four
C termini is less compatible sterically with docking into the
20S’s seven pockets than the binding of only two para C termini.
These steric considerations for the PAN-20S interactions should
also apply to the eukaryotic 26S because of their close structural
homologies (Zhang et al., 2009a) and in both cases can explain
the reduction in gate opening in the 4-bound state.
Implications for Functioning of the Heteromeric 26S
ATPase Ring
In the 26S, gate opening and binding of the unfolded polypep-
tide, FITC-casein, show very similar biphasic dependence on
ATPgS aswe found for the PAN-20S complex, and in both, these
activities were maximal only when the high-affinity sites were
occupied. Like PAN and the 20S, the eukaryotic 19S and 20S
associate when ATP is present and dissociate in its absence,
but the association and dissociation kinetics are much slower
for the 26S complex (Liu et al., 2006; Smith et al., 2005). Possibly,
there are inherent differences between the ways that the 19S
ATPases (Rpt1–6) and PAN associate with the 20S. PAN’s six
identical C termini share two roles: to induce gate opening and
to promote association with the 20S. By contrast, the different
19S C termini seem to perform only one of these two roles.
Only Rpts 2, 3, and 5 contain the gate opening HbYX motif,
and mutations in them cause gating defects but do not reduce
26S stability (Smith et al., 2007). However, the non-HbYX536 Cell 144, 526–538, February 18, 2011 ª2011 Elsevier Inc.C termini, Rpt 1, 4, and 6, are required for the 19S-20S interac-
tion and thus 26S assembly (Park et al., 2009; Smith et al.,
2007). Thus, the C termini of the non-HbYX-containing Rpts
may be specialized to provide greater stability for the complex.
The 19S also contains additional subunits that may stabilize
the 19S-20S interaction (Bohn et al., 2010; da Fonseca and
Morris, 2008; Kleijnen et al., 2007; Leggett et al., 2002).
Recent crosslinking studies unambiguously confirmed the
order of the 26S ATPases to be Rpt1-2-6-3-4-5 (Tomko et al.,
2010). This ordering of subunits produces an intriguing pattern
in which the HbYX-containing (Rpts 2, 3, and 5) and non-HbYX
(Rpts 1, 4, and 6) subunits alternate (Figure 7A). Therefore, ac-
cording to the para-binding model, ATP would always bind to
one HbYX subunit and one non-HbYX subunit (Figure 7A).
Consequently, one gate-opening HbYX C terminus and one
high-affinity non-HbYX C termini would be engaged with the
20S in all possible ATP-bound patterns. Therefore, in addition
to accounting for the symmetry mismatch, this model with only
two para subunits binding ATP and docking into the a ring at
any one time could allow the hexameric ATPase to hydrolyze
ATP cyclically and to drive protein unfolding while remaining
associated with the 20S and opening its gate. This model thus
integrates and can account for multiple features of the protea-
some. Specifically, it explains how, despite the symmetry
mismatch, rounds of ATP binding and hydrolysis occur and allow
continuous association of the ATPases with the proteasome and
opening of its gate for substrate entry while causing conforma-
tional changes in the rest of the ATPase molecule that drive
substrate unfolding and translocation into the 20S for
degradation.
EXPERIMENTAL PROCEDURES
Materials, Protein Expression, and Purification
PAN, GFPssrA, Thermoplasma 20S (T20S), rabbit muscle 26S (R26S), LFP
(Mca-AKVYPYPME-Dpa[Dnp]-amide), and [14C]methyl-casein were prepared
as described (Smith et al., 2007). Yeast 26S (Y26S) proteasomes were isolated
using the Ubl affinity purification described by Besche et al. (2009). ATP (99%),
ATPgS (95%), and ADP (99%) were purchased from Sigma and were stored at
80C until use. FITC-casein (Sigma) was dissolved in HEPES (50 mM
[pH 7.5]) and loaded onto a P10 column (Amersham) to remove residual free
FITC. ssrA and ddssrA peptides were synthesized at Tufts core facility
(Boston, MA) and were dissolved in 50 mM HEPES (pH 7.5). Peptide concen-
tration was determined by the absorbance at 280 nm. For polarization studies,
peptides were reacted with a 100-fold excess of fluorescamine (Sigma) in
amine-free buffer and were used within 2 hr of labeling.
ATPase Activity, 20S Gate Opening, and Protein Degradation
Unless indicated otherwise, reactions with archaeal proteasomes were per-
formed at 45C, yeast proteasomes at 30C, and mammalian proteasomes
at 37C. Hydrolysis of ATP was assayed by following the production of inor-
ganic phosphate (Ames, 1966). To measure 20S gate opening as described
previously (Smith et al., 2005), fluorogenic peptide substrates (dissolved in
DMSO) were used at final concentrations of 100 mM for Suc-LLVY-AMC
(Mammalian 20S), 20 mM for Suc-GGL-AMC (yeast 20S), and 10 uM for LFP
(Thermoplasma 20S). [14C]methyl-casein degradation was measured as
described in Smith et al. (2005) and Benaroudj et al. (2003).
Substrate Binding
Substrate binding to PANwasmonitored by fluorescence polarization. Binding
of FITC-casein wasmeasured as described (Bo¨sl et al., 2005). PANwas added
to FITC-casein at the indicated concentrations in the presence of 1 mM ADP,
ATP, or ATPgS, 10 mM MgCl2, and 50 mM Tris (pH 7.5). After 20 min (once
maximal binding was obtained), fluorescence polarization was measured in
a Spectramax Fluorstar M5 plate reader (494 nm excitation; 515 nm emission).
For the 26S proteasome, FITC-casein binding wasmeasured in amicrocuvette
on a Varian Carry Eclipse Fluorometer (4 nM bovine liver 26S and 4 nM FITC-
casein) with the indicated concentrations of ATPgS and 10 mM MG132 to
prevent degradation. GFPssra polarization was measured as described
(Park and Raines, 2004) using 390 nm (excitation) and 595 nm (emission)
wavelengths.
Nucleotide Binding
To determine the number of nucleotides bound to PAN, a-32P ATP (MPBio,
25 Ci/mmol) was incubated with PAN (0.4 mg/ml) at room temperature. PAN
and the bound nucleotide were separated from the free nucleotide by centrifu-
gation through a Sephadex G50 column as described byMenon and Goldberg
(1987). The recovery of PAN was estimated by assaying its ability to stimulate
LFP degradation by T20S, as described (Horwitz et al., 2007) and by the Brad-
ford assay. To identify the nucleotide present in the protein fraction, 2 ml of the
eluate was spotted on a silica TLC plate (Silica gel with 254 nm fluorescent
indicator, FLUKA) and resolved using a mixture of dioxane:NH4OH:H2O
(6:2:9) (Fontes et al., 1998). The position of ATP and ADP was determined by
fluorescence and phosphoimaging of the TLC plates. ATPg35S binding to
PAN was measured as described (Horwitz et al., 2007). The number of ADP
molecules bound per PAN hexamer was measured using 14C-ADP (Amer-
sham, 60 mCi/mmol) at 500 mM. Protein recovery was estimated using the
Bradford assay.
Mant-ADP binding was monitored by following fluorescence at ex 365/em
445 nm on a Varian Carry Eclipse in a microcuvette. The reaction was run at
37C in 50 mM Tris with 1 mM Dtt, 10 mM MgCl2, 5% glycerol, and 5 mM
PAN with the indicated concentrations of nucleotides. Fluorescence was
monitored and the data collected in real time. The addition of competing nucle-
otides and mixing required 1–2 s. The raw data were fit to a standard double
exponential decay curve using sigma plot.
Surface Plasmon Resonance
The formation of the PAN-20S complex was monitored by Surface Plasmon
Resonance with Biacore 2000 apparatus (BIAcore AB, Sweden). His-tagged
20S was immobilized on the Ni2+ -nitrilotriacetic acid (NTA) chip. First, 10 ml
of 500 mM NiCl2 in eluent buffer (0.01 M HEPES, 0.15 M NaCl, 50 mM EDTA,
and 0.005% surfactant P20 [pH 7.4]) was injected onto the surface. Then,
80–120 ml of 12 nM 20S in eluent buffer containing 20 mM imidazole was in-
jected for 8–12 min (flow rate 10 ml/min). After immobilization, the buffer was
changed to buffer A (50 mM HEPES [pH 7.5] with 1 mM DTT, 5 mM MgCl2,
50 mM EDTA, and 20 mM imidazole). To monitor the nucleotide requirement
for the binding of PAN to 20S, PAN in the presence or absence of the indicated
nucleotide concentration was injected for 150 s at flow rate of 30 ml/min at
20C. The surface was regenerated between experiments by injection of
0.35 M EDTA (pH 8.3). The data analysis was carried out using the BIAevalua-
tion 2.0 software.
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